The Wnt/β-catenin pathway, which signals through the Frizzled (Fzd) receptor family and several coreceptors, has long been implicated in cancer. Here we demonstrate a therapeutic approach to targeting the Wnt pathway with a monoclonal antibody, OMP-18R5. This antibody, initially identified by binding to Frizzled 7, interacts with five Fzd receptors through a conserved epitope within the extracellular domain and blocks canonical Wnt signaling induced by multiple Wnt family members. In xenograft studies with minimally passaged human tumors, this antibody inhibits the growth of a range of tumor types, reduces tumor-initiating cell frequency, and exhibits synergistic activity with standard-of-care chemotherapeutic agents.
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differentiation | cancer stem cell | pancreatic | breast | lung I nvestigation into the role of the Wnt pathway in human tumors has been hampered by a lack of therapeutic agents able to inhibit Wnt signaling. The Wnt pathway is complex, with a large number of known ligands, receptors, coreceptors, and regulatory components. Members of the Wnt family have been shown to induce several distinct signaling events, including activation of the β-catenin signaling (termed the "canonical pathway") as well as other signaling cascades, including the planar cell-polarity pathway and the Ca +2 pathway (1) (2) (3) (4) (5) . Lack of a detailed understanding of the receptor-ligand specificities of the various pathway components and their relationship to the Wnt-mediated signaling pathways has also hindered development of therapeutic agents. However, mutations in the Wnt signaling pathway occur in most cases of human colon cancer, and active signaling has been noted in multiple major tumor types, highlighting this pathway as a potentially promising target for the development of new anticancer agents (6, 7) . In recent years, several small molecules that impact the Wnt pathway have been identified. The nonsteroidal anti-inflammatory compound Sulindac and the antibiotic salinomycin have been reported to possess ability to down-regulate β-catenin (8, 9) . Inhibitors of the poly-ADP ribosylating enzymes tankyrase 1 and tankyrase 2 also have been found to be inhibitors of Wnt signaling, by a mechanism that results in stabilization of axin and the β-catenin destruction complex (10) . However, these agents also impact other signaling events beyond the Wnt pathway. To date, highly potent small molecule agents that specifically inhibit Wnt signaling have not been reported.
An alternative approach to developing agents that block Wnt signaling is to focus on the extracellular receptor-ligand interactions. There are 19 human Wnts and 10 Frizzled (Fzd) receptors. In addition, Wnt signaling through Fzds involves two coreceptors, LRP5 and LRP6, as well as other coreceptors, such as ROR and Ryk. Although this substantial complexity and functional redundancy makes the prospect of developing effective inhibitors more challenging, it also offers the potential for the identification of agents that block only portions of Wnt signaling. This selectivity relative to potential intracellular signaling components may offer advantages in safety and therapeutic index. Previous studies have indicated that use of soluble Wnt inhibitors and decoy receptor molecules can impact tumor growth (11, 12) . In this article we demonstrate the ability to generate a potent Wnt inhibitory antibody that functions by binding to select Fzd receptors, and that this antibody is active across a range of human tumor types.
Results

Identification of an Antagonistic Wnt Pathway Antibody That Targets
Multiple Fzd Receptors. Antibodies to the Fzd receptors were identified using phage display and were subsequently screened for the ability to inhibit Wnt3A signaling in a cell-based assay. Through this approach, an antibody that was initially isolated by ability to bind to FZD7, OMP-18R5, was found to block most β-catenin signaling in response to Wnt3A (Fig. 1A) . In subsequent experiments it was also found to inhibit β-catenin signaling in response to each of the Wnt family members that were active in these reporter studies (Fig. 1B) . OMP-18R5 also reduced both Wnt3A-induced accumulation of β-catenin and phosphorylation of LRP6 (Fig. 1C) . OMP-18R5 did not inhibit β-catenin signaling in response to intracellular pathway activation with the GSK3 inhibitor compound BIO (6-bromoindirubin-3′-oxime) (Fig. S1A ) and also did not inhibit activation of a Notch pathway reporter in response to the Notch ligand DLL4 (Fig. S1B) . The OMP-18R5 anti-Fzd antibody was also screened by flow cytometry with cells overexpressing each individual Fzd. OMP-18R5 was found to bind 5 of the 10 Fzd receptors: FZD1, FZD2, FZD5, FZD7, and FZD8 ( Fig. 2A and Fig. S2 ). Interestingly, each of these receptors has been previously implicated in canonical Wnt signaling (12) (13) (14) (15) (16) (17) . The epitope on the Fzd proteins bound by OMP-18R5 was mapped through a survey of introduced amino acid substitutions within FZD8, several of which eliminated OMP-18R5 binding ( Fig. 2B and Fig. S3 ). OMP-18R5 binds to a discontinuous epitope that spans a "cleft" region that is apparent in the reported crystal structure (18) of mouse Fzd8 (Fig. 2C) . Interestingly, the residues lining the base of this cleft are highly conserved across the Fzd family, suggesting that this site is functionally important. To determine whether OMP-18R5 directly blocked the ability of Wnt to interact with Fzd, binding studies were conducted. OMP-18R5 blocked Wnt3A binding to Fzd5 ECD, suggesting that a mechanism by which OMP-18R5 inhibits Wnt signaling may involve the direct inhibition of Wnt binding ( Fig. 2D and Fig. S4 ).
Wnt Pathway Blockade Inhibits the Growth of Human Tumor Xenografts.
The impact of inhibiting Wnt/β-catenin signaling on tumor growth was assessed using human tumor xenografts in mice. These models were conducted with minimally passaged human tumors (19, 20) (Table S1 ). OMP-18R5 treatment resulted in inhibition of growth in several types of human tumors, including breast, pancreatic, colon [wild-type adenomatous polyposis coli (APC) and β-catenin] and lung tumors (Fig. 3) . Striking synergy was observed when OMP-18R5 was combined with several standard-of-care chemotherapeutic agents, including taxol in nonsmall-cell lung cancer and breast cancer models, irinotecan in colon cancer models, and gemcitabine in pancreatic cancer models (Fig. 3 B, C , E, and G-I). OMP-18R5 had activity in 6 of 11 pancreatic tumors, 3 of 6 breast tumors, and 7 of 8 nonsmall-cell lung tumors tested. OMP-18R5 did not display activity in colon tumors harboring APC or β-catenin mutations, but was highly active in a colon tumor with wildtype APC and β-catenin. OMP-18R5 also inhibited the growth of the established cell line PA-1 (derived from a human teratocarcinoma), which had previously shown to be inhibited by FZD8-fc protein (12) (Fig. 3F) . In tumor recurrence studies ( Several tumors showed synergistic response to OMP-18R5 and chemotherapy. Gene-expression analysis of the response of breast tumor PE-13 to OMP-18R5 alone or in combination with taxol indicated that OMP-18R5 and taxol induced opposing changes in the expression of numerous genes involved in stress responses, as well as ABC family transporters, suggesting Wnt pathway inhibition may alter cellular responses to taxol treatment (Fig. S5) . mRNA for several genes previously associated with breast tumor tumorigenicity (20) (21) (22) , including CD44, ALDH1A1, SOX1, and SOX2, were decreased by OMP-18R5. Similarly, OMP-18R5 also displayed synergy with gemcitabine in pancreatic tumors. OMP-18R5 was noted to induce changes in the histopathology of the pancreatic tumors. In PN4, a pancreatic tumor with a moderately differentiated ductal phenotype, the ducts were greatly enlarged and the cells lining the ducts were larger following OMP-18R5 treatment. Staining with Alcian blue, to reveal mucin expression, revealed large increases in mucin content (Fig. 4 A and B) . Immunohistochemical (IHC) staining also revealed reduced nuclear β-catenin levels following OMP-18R5 treatment. (Fig. 4 C and D) . Proliferation, as measured by K i -67 staining, was also reduced by OMP-18R5 treatment ( Fig. 4 E and F) . Quantitative PCR of known targets of Wnt/β-catenin signaling Wnt target genes and genes associated with pancreatic lineages was performed (Fig. 5) . Down-regulation of AXIN2 and osteopontin (SPP1) was observed in tumors treated with OMP-18R5, consistent with inhibition of Wnt signaling (23, 24) . In addition, in these pancreatic xenografts, multiple genes within the mucin family and certain cytokeratins were induced by OMP-18R5. Gemcitabine treatment resulted in elevated mRNA for several genes associated with epitheliealmesenchymal transition, including fibronectin, vimentin, slug, and snail. These effects were blocked by combined treatment with OMP-18R5.
Targeting Fzd Receptors Reduces Tumorigenicity. Several studies have suggested that Wnt signaling plays a key role in mediating self-renewal essential for tumor initiating cells (25) (26) (27) . To assess the impact of OMP-18R5 on tumor-initiating cell frequency, limiting dilution studies were conducted wherein defined numbers of human cells from treated or control tumors were assessed for their ability to initiate tumor growth after secondary transplant into a new cohort of mice in the absence of further treatment. OMP-18R5 treatment of the pancreatic tumor PN4 (Fig.  6A ) and the breast tumor PE13 (Fig. 6B) reduced the tumorinitiating cell frequency of the tumor cells by threefold. Neither gemcitabine treatment of the pancreatic tumor nor taxol treatment of the breast tumor reduced tumorigenic cell frequency (in fact, taxol treatment increased tumorigenicity, P < 0.05). In contrast, the combination of OMP-18R5 and chemotherapeutic agents reduced tumorigenicity by 10-fold in both pancreas and breast tumors.
Intracellular Blockade of the Canonical Wnt Pathway Inhibits Tumor
Growth. The OMP-18R5 antibody blocks Wnt signaling by binding to multiple Fzd receptors, suggesting a requirement for activation of the canonical Wnt pathway during tumor growth. Although OMP-18R5 is a human IgG2 isotype-an isotype that mediates little effector function, such as complement mediated cytotoxicity or antibody dependent cell killing-and further that these studies were performed in immunocompromised mice, it is conceivable that immune function contributes to OMP-18R5 efficacy. To probe Wnt pathway involvement further, we tested the impact of an alternative approach to Wnt pathway inhibition. Overexpression of the intracellular Wnt pathway component Axin leads to destabilization of β-catenin and inhibition of canonical signaling (28) . We find that introduction of Axin into tumors by lentivirusmediated transduction substantially abrogated tumor growth (Fig.  S6) , suggesting importance of canonical Wnt pathway signaling within the tumor cells.
Discussion
The role of the Wnt-Fzd pathway in cancer has been the subject of investigation for nearly three decades following the initial observation that mouse mammary tumor virus retroviral integration events resulting in inappropriate Wnt1 expression could result in murine mammary gland tumors (29) . Recognition of the importance of APC and β-catenin mutations in colon cancer has provided strong evidence that the pathway plays a major role in the genesis of at least one major type of human cancer (30, 31) . Although not as frequently mutated in other tumor types, increased Wnt pathway activation and epigenetic silencing of Wnt antagonists has been noted in several tumor types (7, (32) (33) (34) (35) (36) (37) .
In the present study, we provide evidence that it is possible to generate potent inhibitors of canonical Wnt signaling by simultaneous targeting of several Fzd receptors. The antibody described in this study binds to five distinct Fzd receptors through a conserved epitope. Interestingly, this epitope is distinct from the region of FZD8, previously implicated in Wnt binding by alanine scanning mutation analysis (18) . The structure of Wnt has not yet been reported, but both Wnt and the antibody are substantially larger proteins than the relatively small cysteine-rich domain of Fzd receptors, so it is possible that steric hindrance prevents simultaneous binding of Wnt and antibody. Our data indicate that blockade of Wnt signaling can inhibit growth in a variety of human tumor types. Inhibition of tumor growth was noted in lung, breast, colon, and pancreatic tumors. Interestingly, there was strong synergy observed with several chemotherapy agents, particularly taxol. Gene-expression analysis suggests that rather than "enhancing" the magnitude of taxol-induced effects, the combination with OMP-18R5 actually inhibits some taxolinduced gene changes and may therefore be altering cellular response to taxol treatment. The robust ability of overexpressed axin within tumors to also inhibit tumor growth is evidence that the tumor cells themselves are dependent upon this pathway.
Generally, single-agent activity was observed to be significant, but modest relative to the efficacy observed in combination with chemotherapy. This finding may reflect the fact that OMP-18R5 does not target all Wnt pathway receptors. However, it has previously been demonstrated that robust Wnt inhibition by adenovirus-mediated delivery of the pan-Wnt pathway inhibitor dickkopf 1 (DKK1) results in profound inhibition of gastrointestinal tract homeostasis with disruption of the crypt-villus epithelial cell layer (38) . Because of the high degree of evolutionary conservation in this pathway, the OMP-18R5 binds to both human and mouse Fzd receptors. In fact, within the cysteine-rich domain FZD1, -2, -7, and -8 are identical between human and mouse, and FZD5 has only two amino acid changes that do not impact OMP-18R5 binding (Fig. S2 ). There was no apparent impact of OMP-18R5 on the gastrointestinal tract at the doses used in these studies. At very large doses (100 mg/kg) we did observe an intestinal colitis that resembled, although was less severe, the results reported with DKK1. OMP-18R5 did however substantially inhibit the expression of several known Wnt target genes in the liver (Fig. S7) (39) .
OMP-18R5 reduces tumor cell proliferation and tumor-initiating cell frequency. The reduction in tumor-initiating cell frequency was quantified using limiting-dilution tumorigenicity assays. This functional assay measures in vivo tumorigenicity and makes no assumption about the frequency, FACS marker profile, or heterogeneity of the tumor-initiating cell population. A strength of this approach is that it can be applied to any tumor. In contrast, cell-surface markers may vary in different tumors and their expression may be influenced by environment, which changes in response to drug treatment. OMP-18R5 reduced tumor-initiating cell frequency both as a single agent and in combination with chemotherapy. In contrast neither gemcitabine nor taxol reduced tumorigenicity as single agents. Taxol treatment actually resulted in an increase in tumor-initiating cell frequency, consistent with previous reports that tumor-initiating cells are selectively resistant to various chemotherapeutics and radiation (40, 41) .
In conclusion, we have developed a unique antibody that antagonizes the Wnt signaling pathway. Targeting the Wnt pathway through by blockade of selected members of the Fzd receptor family may provide an efficacious approach for the treatment of a broad range of tumors.
Materials and Methods
All animal work was performed according to OncoMed Pharmaceutical's Institutional Animal Care and Use Committee guidelines.
Antibody Generation and Reporter Studies. OMP-18R5 was generated by panning the HuCAL GOLD phage-display library (MorphoSys) with recombinant FZD7 protein (42) . DNA fragments encoding the fAb generated from the phage display library were subcloned into a full-length human IgG2 expression vector. The antibody was expressed in CHO cells and purified. The ability of Wnt to activate T-cell factor (TCF)-dependent transcription was assessed by transient transfection of HEK293 responder cells with the TOP-FLASH/FOP-FLASH luciferase reporter assay and a Renilla luciferase transfection control reporter, followed by treatment with purified Wnt3A (R&D Systems) or 24-h coculture (1:1) exposure to HEK293 cells transiently transfected with expression vectors encoding human Wnt proteins, and then assayed using the DualGlo luciferase assay reporter system (Promega). The TOP-FLASH reporter was synthesized and includes eight copies of a TCF binding site (AGATCAAAGG) upstream of a minimal promoter and firefly luciferase. BIO was obtained from Sigma-Aldrich. The ORF cDNA encoding human Fzd, Wnt, Smoothened, and Notch2 proteins were isolated by PCR or synthesized (DNA2.0). The Notch luciferase reporter assay was performed essentially as previously described (19) . Briefly, PC3 cells were transfected with an expression vector encoding fulllength human Notch2 and an 8xCBF1-luciferase reporter vector and a Renilla luciferase vector as a transfection control. Cells were plated in wells coated with 100 ng of human DLL4 (R&D Systems) and exposed to the indicated antibodies at 10 μg/mL and then assayed 18 h later using the Dual-Glo luciferase system. Fzd-Fc fusion proteins were produced in baculovirus and contained the N-terminal extracellular domain of human Fzd receptors fused to the CH2-CH3 domains of human IgG1. Lentiviral vectors containing CMVmouse AXIN-IRES-GFP or CMV-IRES-GFP cassettes were generated by transcomplementation in HEK 293 cells transiently cotransfected with the plasmid containing the vector genome along with the gag-pol, rev, and VSV-G env packaging constructs. For lentiviral transduction studies, tumor cells were isolated as single cells and cultured (43) in the presence of lentivirus for 24 h. Transduced cells were then isolated by flow cytometry gating on positive GFP expression.
Histology and IHC, and Western Blottings. Formalin-fixed and paraffin-embedded tumors were sectioned at 4-μm thickness. Sections were stained with Alcian blue as recommended by the manufacturer (Poly Scientific). The IHC analysis used anti-β-catenin (mAb2081, Millipore; 1:100) and anti-K i -67 (sp6, Vector Laboratories; 1:200) with optimal cutting temperature embedded frozen-tumor sections. For phospho-LRP6 and β-catenin Western blot analysis, HEK-293 cells were cultured in 2% (vol/vol) FBS containing DMEM for 4 h in the presence of 400 ng/mL recombinant Wnt3A (R&D Systems) and 50 μg/mL OMP-18R5, as indicated. Cells were lysed in lysis buffer (Invitrogen) containing 1 tablet/10 mL PhosSTOP phosphatase inhibitor (Roche). Western blots were probed with α-LRP6 (Cell Signaling; C47E12), α-phospho LRP6 (Ser1490; Cell Signaling), α-β-catenin (BD Transduction Laboratories; 610154), α−"active"-β-catenin (unphosphorylated Ser37, Thr-41; clone 8E7; Millipore).
Xenograft Models. The establishment of minimally passaged human tumor xenograft models and determination of tumor initiating cell frequency was performed as previously described (19, 44) . Briefly, human tumors xenograft models were established by subcutaneous implantation of patient-derived solid tissue fragments in NOD/SCID mice. Established tumors were subsequently disassociated and single-cell suspensions of tumor cells were frozen at −80C. Tumors for subsequent experiments were established by serial implantation of frozen cell stocks. For tumorigenicity studies, single-cell suspensions from control and treated tumors were incubated with biotinylated α-mouse CD45-biotin and α-mouse H 2 K d on ice for 30 min followed by addition of streptavidin-labeled magnetic beads to remove murine stromal cells. Human tumor cells were collected, counted, and diluted, and then injected subcutaneously in NOD/SCID mice. Tumor growth was monitored for up to 3 mo. Cancer stem cell frequency was determined using L-Calc Version 1.1 software program (StemCell Technologies). OMP18R5 was dosed at 10 mg/kg twice weekly, except as indicated, and was dosed at 20 mg/kg once weekly in Fig. 4G and 15 mg/kg twice weekly in Fig. 4C . Taxol (paclitaxel) was dosed at 10 mg/kg once weekly except for Fig. 4H , which was dosed at a maximum tolerated dose of 20 mg/kg twice weekly. Gemcitabine was dosed at 50 mg/kg twice weekly. Irinotecan was dosed at 7.5 mg/kg twice weekly. All agents were administered intraperitoneally.
Data Analysis. Data are expressed as mean ± SEM. Differences in mean values between groups were analyzed by nonparametric t test. Tumor-initiating cell frequency was determined using Poisson distribution statistics and L-Calc software.
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